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ABSTRACT
We present a time-variability analysis of 29 broad absorption line quasars (BALQSOs) observed in two epochs by
the Sloan Digital Sky Survey. These spectra are selected from a larger sample of BALQSOs with multiple obser-
vations by virtue of exhibiting a broad C iv k1549 absorption trough separated from the rest frame of the associated
emission peak by more than 3600 km s1. Detached troughs facilitate higher precision variability measurements,
since the measurement of the absorption in these objects is not complicated by variation in the emission-line flux. We
have undertaken a statistical analysis of these detached-trough BALQSO spectra to explore the relationships between
BAL features that are seen to vary and the dynamics of emission from the quasar central engine. We have measured
variability within our sample, which includes three strongly variable BALs. We have also verified that the statistical
behavior of the overall sample agrees with current model predictions and previous studies of BAL variability. Spe-
cifically, we observe that the strongest BAL variability occurs among the smallest equivalent width features and at
velocities exceeding 12,000 km s1, as predicted by recent disk-wind modeling.
Subject headingg: quasars: general
Online material: extended figure set
1. INTRODUCTION
Broad absorption lines (BALs) in quasar spectra are thought
to be caused by obscuring overdensities in a wind, which is likely
produced near the central accretion disk and propagated radially
at some angle above an optically thick torus (e.g., Murray et al.
1995; Elvis 2000; Proga et al. 2000). BALs, which by definition
exhibit a full width at half-maximum (FHWM) of more than
2000 km s1, have been observed at velocities as great as
66,000 km s1 in the quasar rest frame (Foltz et al. 1983). Mini-
BALs compose a similar class of somewhat narrower lines, also
considered intrinsic to the quasar, which are characterized by a
FWHM in the range of 300Y2000 km s1 (Hamann&Sabra 2004).
In general, BALs are observed in 15%Y20% of quasars (Weymann
et al. 1991; Reichard et al. 2003). This percentage is typically in-
terpreted as the fraction of the viewing angle obscured by these
overdensities, although the occurrence of BALs may instead
indicate a particular phase of quasar evolution (Green et al. 2001;
Yuan & Wills 2003).
The accretion process that fuels the central engine of a quasar
is prone to dramatic activity, presumably due to both internal tur-
bulence in the surrounding accretion disk and the strong gravita-
tional effects of a supermassive black hole. As a result, stochastic
variations in the radiative output of quasars have been observed
(e.g., Vanden Berk et al. 2004; Wilhite et al. 2005), and such
variability can be expected to propagate into the observational
properties of any matter confined within the disk wind (Murray
et al. 1995; Elvis 2000; Proga et al. 2000).Variability of the equiv-
alent widths of intrinsic absorption lines such as BALs may in-
dicate a changing level of ionization in regions very near to the
quasar central engine or a change in the covering factor or optical
depth of the absorbing gas. Changes in the velocity separation be-
tween absorption features and corresponding emission lines can
provide valuable insight into the wind acceleration mechanism,
which in turn can help to illuminate the overall structure and phys-
ical properties of the quasar.
Data from large surveys such as the Sloan Digital Sky Survey
(SDSS; York et al. 2000) have significantly increased the number
of known BALQSOs in the past decade. While large catalogs of
BALQSOs now exist (Reichard et al. 2003; Trump et al. 2006),
to date, minimal work has been done with regard to their vari-
ability. Narrow intrinsic absorption line variability has already
been detected in a number of studies (e.g., Hamann et al. 1995,
1997; Ganguly et al. 2001;Wise et al. 2004; Misawa et al. 2005),
and BAL variability has been previously observed in a few ob-
jects (Foltz et al. 1987; Turnshek et al. 1988; Smith & Penston
1988; Barlow et al. 1992; Vilkoviskij & Irwin 2001; Ma 2002).
Some studies have reported equivalent width variability in25%Y
33% of these broad features (Barlow 1994; Narayanan et al. 2004),
yet no large statistical variability study has been published. The
time-variability analysis by Barlow (1994), which examines 23
BALQSOs, is the largest study of this kind to date. Repeat spec-
troscopic observations from the SDSS provide a unique oppor-
tunity to study the variation in these sources, since the sample
size is large and the homogeneity of SDSS data allows for pre-
cise measurements of line variability.
In this paper, we analyze a sample of 29 SDSS quasars with
two-epoch observations and prominent C iv k1549BALs that are
effectively detached from the associated emission peak. Although
our sample is considerably smaller than the latest BAL quasar
samples, this work is the largest comprehensive spectroscopic
variability study of BALQSOs to date.
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2. OBSERVATIONS AND DATA REDUCTION
2.1. The Sloan Digital Sky Survey
Through 2005 June, the SDSS had imaged 8000 deg2 and ob-
tained follow-up spectra for nearly 7 ;105 galaxies and 9 ;104
quasars. Imaging data are acquired by a 54-chip drift-scan cam-
era (Gunn et al. 1998, 2006) on the dedicated 2.5 m telescope at
Apache Point Observatory in NewMexico. The data are reduced
and calibrated by the PHOTO software pipeline (Lupton et al.
2001). The photometric system is normalized such that the SDSS
u, g, r, i, and z magnitudes (Fukugita et al. 1996) are on the AB
system (Smith et al. 2002). A 0.5 m telescopemonitors site photo-
metric quality and extinction (Hogg et al. 2001). Point-source
astrometry for the survey is accurate to within less than 100 mas
(Pier et al. 2003), and imaging quality control is discussed in
Ivezic´ et al. (2004).
A fraction of the objects located in the imaging are targeted for
follow-up spectroscopy as candidate galaxies (Strauss et al. 2002;
Eisenstein et al. 2001), quasars (Richards et al. 2002), or stars
(Stoughton et al. 2002). Targeted objects are grouped in 3

diameter
tiles (Blanton et al. 2003), and aluminum plates are drilled with
640 holes at positions corresponding to the objects’ sky locations.
When the telescope is in spectroscopic mode, plates are placed in
the imaging plane of the telescope and plugged with optical fi-
bers that run from the telescope to twin spectrographs. Roughly
500 galaxies, 50 quasars, and 50 stars are observed on each plate,
and the remaining fibers are utilized for sky subtraction and
calibration.
SDSS spectra cover the observer-frame optical and near-
infrared, from 3900 to 9100 8, with a resolution of k/ kð Þ 
2000 at 5000 8 (Stoughton et al. 2002). Spectra are obtained in
three or four consecutive 15 minute observations until an average
minimum signal-to-noise ratio is met. Observations of 32 sky
fibers, eight reddening standard stars, and eight spectrophoto-
metric standard stars are used to calibrate the science targets’
spectra. The Spectro2d pipeline flat-fields and flux calibrates
the spectra, and the Spectro1d code identifies spectral features
and classifies objects by spectral type (Stoughton et al. 2002).
Ninety-four percent of all SDSS quasars are identified spectro-
scopically by this automated calibration; the remaining quasars
are identified through manual inspection. Quasars are defined to
be those extragalactic objects with broad emissions lines (FWHM
velocity width k1000 km s1 regardless of luminosity).
For this paper, we use spectra with additional calibration, as
described in Wilhite et al. (2005). Through 2004 June, objects
corresponding to 181 plates had been observed multiple times,
with time lags between observations ranging from days to years.
These second observations, although originally unplanned, came
as the product of normal survey operations, usually early in the
survey, when a method had not yet been developed for determin-
ing when a plate had reached an adequate signal-to-noise ratio.
As discussed inWilhite et al. (2005), spectra from plates observed
greater than 50 days apart are guaranteed not to have been co-
added and are more suitable for use in variability studies. There
are 53 such large time-lag plate pairs containing almost 2200
quasars; single-epoch observations of 52 of these plate pairs are
contained in the Fourth Data Release (DR4; Adelman-McCarthy
et al. 2006).
2.2. Refinement of Spectroscopic Calibration
As was shown in Vanden Berk et al. (2004) and Wilhite et al.
(2005) some additional spectrophotometric calibration of SDSS
spectra is necessary for variability studies. The calibration meth-
ods used are summarized below; see Wilhite et al. (2005) for a
complete discussion. The Spectro1d pipeline calculates three
signal-to-noise ratios (S/Ns) for each spectrum by calculating the
median S/N per pixel in the regions of the spectrum correspond-
ing to the SDSS g, r, and i filter transmission curves. Hereafter,
when referring to the two halves of a plate pair we use the phrase
‘‘high-S/N epoch’’ to refer to the plate with the higher median
r-band S/N. The plate with the lower median r-band S/N is
called the ‘‘low-S/N epoch.’’ This is a plate-wide designation;
although most objects follow the plate-wide trend, this does not
speak to the relative S/N values for any given individual object,
nor does it correspond to an object’s relative line or continuum flux
at a given epoch. The stars on a plate are used to resolve calibration
differences between the high- and low-S/N epochs, under the as-
sumption that the majority of stars are nonvariable (precautions
are taken to remove the obviously variable stars from recalibra-
tion; see Wilhite et al. [2005] for complete details). For each plate
pair, we create a recalibration spectrum, equal to the ratio of the
median stellar high-S/N epoch flux to the median stellar low-S/N
flux, as a function of wavelength. This recalibration spectrum is
fitted with a fifth-order polynomial to preserve real wavelength
dependences but remove pixel-to-pixel noise (cf. Fig. 5 of Wilhite
et al. 2005), leaving a smooth, relatively featureless curve as a func-
tion of wavelength. All low-S/N epoch spectra are then scaled by
this ‘‘correction’’ spectrum.
2.3. BALQSO Sample Selection
Each observation at both epochs of the 2200 objects compiled
by Wilhite et al. (2005) was inspected by eye for the presence of
C iv BAL and mini-BAL features. BALQSO spectra were se-
lected for further study if they contained at least one C iv absorp-
tion feature with a velocitywidth of at least 1000 km s1 in one or
more epochs with no discernible doublet structure. Such doublets
might indicate that the absorption is due to a collection of over-
lapping narrow C iv absorption lines rather than one broad ab-
sorber (Weymann et al. 1991).
Objects meeting these primary criteria were also tested to en-
sure that intervening absorption systems were not responsible for
any of the apparent BALs, since Mg ii k2800 and Fe ii kk2261,
2344, 2374, 2383, 2587, 2600 in multiple lower redshift ab-
sorption line systems have the potential to overlap and produce
seemingly broad features in the region blueward of C iv. Such
occurrences are easily recognized, as the Mg ii doublet exhibits
a significantly larger rest-frame wavelength separation (2796Y
2803 8) than that of C iv (1548Y1551 8). Furthermore, Fe ii
absorption lines occur over a large wavelength range in the vis-
ible spectrum and are almost always accompanied by a strong
Mg ii doublet with the same redshift. These characteristics en-
sure that even if low-ionization absorption lines are present in
the wavelength range where intrinsic C iv absorption would be
observed, these intervening absorbers may be accurately iden-
tified and removed from the C iv BALQSO sample.
Of the 1186 objects in this sample within the redshift range
where the C iv emission line can be measured in the SDSS spec-
tra (1:6  zqso  4:2), 172 (14.5%) contain BALs that met the
aforementioned criteria. This percentage of BALs within the qua-
sar population agrees with the expected values from previous cat-
alogs (see, e.g., Reichard et al. 2003; Hewett & Foltz 2003).
Measurements of BAL variability are difficult to make, since
in most cases the intrinsic nature of these lines produces an over-
lap with the quasar emission lines. This complication demands pre-
cise continuum and line profile fitting if one wishes to study the
variability of absorption in the region of broad emission. It has also
been established that the continua of quasars are prone to much
greater variability than the emission-line flux (Wilhite et al. 2005).
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Therefore, any efforts to study the relationship between quasar
source variability and changes in the intrinsic absorption features
must cleanly separate the effects of variability in the quasar con-
tinuum and emission lines. By restricting our sample to those BALs
that do not overlap with the broad C iv emission feature, we can
obtain higher precision measurements of the equivalent widths of
these features and directly probe the correlation between quasar
continuum emission and BAL variability.
As a result, we narrowed our initial sample of 172multi-epoch
SDSS BALQSOs to 29 that were found to contain broad absorp-
tion lines separated from the associated C iv emission line by at
least 3600 km s1 in the quasar rest frame. Vanden Berk et al.
(2001) finds 1546.158 to be the medianwavelength of C iv emis-
sion in the composite spectrum of 2200 SDSS quasars and a line
width (k) of 14.33 8. On the blue side of the emission peak,
this width is approximately equivalent to a velocity of 3600 km s1
with respect to the C iv laboratory rest-frame wavelength of
1549 8. This lower limit separation ensures that the absorption
feature lies on a locally flat section of the spectrum that, at most,
only marginally overlaps with the C iv emission region. Within
these 29 spectra, we find 33 detached-trough BALs meeting the
3600 km s1 criterion, as some quasars host more than one dis-
tinct BAL at high velocity. The observational details of the se-
lected quasars are presented in Table 1.
3. DATA ANALYSIS
Although there has been some success in automating the iden-
tification of BALs from within a large sample of quasar spectra
(Trump et al. 2006), the actual analysis of the BAL featureswithin
these spectra requiresmanual inspection. The inability to fully auto-
mate this process is largely due to the tendency of BAL widths
and velocities in the quasar rest frame to vary greatly between ob-
jects. Furthermore, the continuum fitting, on which any absorp-
tion profiles must be based, is complicated by the very presence of
the BALs blueward of the emission peaks. For these reasons, each
spectrum requires careful analysis to ensure that the wavelength
ranges included in the continuumfitting and equivalent width mea-
surements of the BAL features are appropriate. The rest of this
section details the processes that we used to perform measure-
ments of the BAL features.
3.1. Continuum Fitting
To determine the appropriate continuum level we first dered-
shifted each spectrum into the rest frame of the quasar. The SDSS
pipeline occasionally calculates a different redshift for the two
epochs (e.g., due to S/N differences or incorrect emission-line
identifications). For consistency, we always use the SDSS red-
shift assigned to the higher S/N spectrum. Wilhite et al. (2006)
showed that the shift in central wavelength of the C iv emission
peak between epochs is negligible, even in variable quasars. Thus,
a single high-S/N calculation of the emission redshift should be
satisfactory for both epochs. Since our goal is the measurement of
variability in the absorption features, it is imperative that the
redshift of the emitting source be consistent between observations,
which ensures that all measurements incorporating velocity use
the same standard scaling in both epochs.
After deredshifting each spectrum into the rest frame of the
quasar, a continuum is fit across the region of C iv emission. Be-
cause the part of the spectrum analyzed here is relatively small
(roughly 1400Y17008 in the rest frame of the quasar), the contin-
uum is approximated by a linear fit in wavelength in the quasar’s
rest frame, as was shown to be sufficient by Wilhite et al. (2006).
For each object, two regions of the spectrum are included to con-
struct this fit, one on either side of the C iv emission line.
In most cases, the part of the spectrum corresponding to the
quasar rest-frame wavelength range 1440Y1460 8 was used to
fit the region blueward of intrinsic C iv features. However, in cases
inwhich thiswavelength range contains a BAL,we chose a region
at a longerwavelength thatwas still blueward of the C iv emission.
As the location of the fit regions can vary fromobject to object, we
present the wavelength boundaries used for the blue side of each
fit in Table 2.
Significant emission from other ions, such as Fe ii, is often
found just redward of the C iv emission line (e.g., Wilkes 1984;
Boyle 1990; Laor et al. 1994; Vanden Berk et al. 2001). As a re-
sult, the red side of the fit must be extended to longer wave-
lengths, where the spectrum returns to near-continuum levels
(for a detailed discussion, see Wilhite et al. 2006). We have used
the rest-frame region 1680Y1700 8 to fit the red side of the con-
tinuum, aswas done byWilhite et al. (2006). Since 1680Y17008
was always taken to be the range for the red component of these
linear fits, this information has not been presented with the other
fit parameters in Table 2.
Since BALs are thought to arise from absorption of gas at high
velocities with respect to the emission-line source, each spec-
trum (and each corresponding wavelength region to be fit) is
translated into velocity space zeroed to the central C iv emission
TABLE 1
SDSS Spectral Observations
Object a SDSS J zhsn
b MJDhsn MJDlsn
1.............................. 115031.03004403.1 2.3921 51,943 51,662
2.............................. 130058.13+010551.5 1.9015 51,689 51,994
3.............................. 132304.58003856.5 1.8267 51,984 51,665
4.............................. 131853.45+002211.5 2.0737 51,984 51,665
5.............................. 132742.92+003532.6 1.8736 51,959 51,663
6.............................. 133150.51+004518.7 1.8869 51,955 51,662
7.............................. 134544.54+002810.7 2.4528 51,943 51,666
8.............................. 143641.24+001558.9 1.8659 51,637 51,690
9.............................. 144959.96+003225.3 1.7217 51,994 51,666
10............................ 150206.66003606.9 2.1998 51,990 51,614
11............................ 150109.13011502.7 2.1278 51,990 51,614
12............................ 170633.06+615715.0 2.0115 51,695 51,780
13............................ 172001.31+621245.7 1.7642 51,694 51,789
14............................ 234506.31+010135.5 1.7969 51,877 51,783
15............................ 031828.90001523.1 1.9820 51,929 51,821
16............................ 004527.68+143816.1 1.9842 51,868 51,812
17............................ 093620.52+004649.2 1.7175 52,314 52,027
18............................ 131305.74+015926.9 2.0169 52,295 52,029
19............................ 081822.63+434633.8 2.0430 52,207 51,959
20............................ 081416.75+435405.0 1.7036 52,207 51,959
21............................ 153703.94+533219.9 2.4035 52,374 52,442
22............................ 224019.01+144435.5 2.2424 52,520 52,264
23............................ 143130.04+570139.0 1.8006 52,346 52,433
24............................ 144403.97+565751.3 1.8544 52,347 52,435
25............................ 145428.52+571441.3 3.2583 52,347 52,435
26............................ 160649.24+451051.6 2.8256 52,443 52,355
27............................ 102250.16+483631.1 2.0658 52,347 52,674
28............................ 075010.17+304032.3 1.8954 52,346 52,663
29............................ 081657.55+060441.7 2.0111 52,962 52,737
Note.—Subscripts ‘‘hsn’’ and ‘‘lsn’’ refer to high- and low-S/N epoch obser-
vations, respectively.
a These object numbers are used for internal reference and correspond to
the labeling of individual quasars in Tables 2 and 3 and Fig. Set 7.
b The quasar redshift from the SDSS for the high-S/N epoch observation.
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rest wavelength at 1549 8. The velocity translation can thus be
summarized with the formula
v
c
¼ R
2  1
R2 þ 1
 
; ð1Þ
where
R ¼ 1þ zqso
1þ zabs
 
; ð2Þ
zabs ¼ (kabs /1549 8) 1 denotes the redshift of each part of an
absorption feature, and zqso is the SDSS high-S/N redshift of the
quasar. The error on the absorber’s redshift value is a function of
the binning size and is estimated to be abs ¼ kabs /(1549 8).
The error in the velocity measurement, v, was then calculated
with standard error propagation of abs and the error on the cal-
culated quasar redshift, qso, as determined by the SDSS.
A linear least-squares fit in velocity space (in the quasar’s rest
frame) of the continuum regions chosen for each spectrum was
calculated using the POLYFIT routine in IDL. Table 2 also sum-
marizes the fit parameters and their associated error, including the
slopes (m  m) and the flux densities of each fit at v ¼ 0 km s1
[ fc(0)  f (0)]. We recover a linear fit to the continuum,
fc(v) ¼ fc(0)þ mv, with the corresponding flux errors for each
velocity bin:
fc(v) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
f (0) þ v 22m þ m2c22
q
: ð3Þ
3.2. Equivalent Width
Normalization provides the best method for removing the ef-
fect of continuum variability on the equivalent width measure-
ments of the absorption features. With the spectra translated into
velocity space and the continuum fitting complete, each flux-
calibrated spectrum is therefore normalized by its respective
linear continuum fit. The normalized flux density as a function of
velocity in the quasar rest frame is given by
fn(v) ¼ f (v)
fc(v)
; ð4Þ
where f (v) is the SDSS spectrum with the additional flux cali-
bration of Wilhite et al. (2005). The error on the flux density mea-
surement in each velocity bin, f (v), is simply the respective SDSS
error spectrum for each of the quasar observations (Stoughton
et al. 2002) after the appropriate scaling as done in Wilhite et al.
(2005). These error spectra are also normalized by dividing by
TABLE 2
Continuum Fitting Parameters (in Quasar Rest Frame)
Objecta
(1)
kb1
(8)
(2)
kb2
(8)
(3)
m1
(105)
(4)
m2
(105)
(5)
fc(0)1
(6)
fc(0)2
(7)
1.............................................. 1440 1460 0.95  0.31 0.33  0.22 1.27  0.07 1.84  0.05
2.............................................. 1430 1450 0.39  0.31 0.25  0.38 6.68  0.08 6.45  0.10
3.............................................. 1440 1460 4.40  0.80 3.55  0.52 11.42  0.21 11.93  0.13
4.............................................. 1430 1445 0.50  0.39 0.82  0.32 9.11  0.10 8.00  0.08
5.............................................. 1440 1460 0.86  0.53 2.12  0.41 7.35  0.13 8.00  0.10
6.............................................. 1440 1460 1.87  0.43 1.57  0.44 6.44  0.11 6.15  0.11
7.............................................. 1440 1460 3.64  0.32 2.90  0.31 8.77  0.07 8.22  0.07
8.............................................. 1440 1460 0.82  0.32 0.70  0.39 8.39  0.08 8.42  0.10
9.............................................. 1440 1460 4.25  0.54 5.48  0.42 7.45  0.14 9.77  0.11
10............................................ 1440 1460 2.25  0.38 4.18  0.27 6.91  0.09 7.59  0.07
11............................................ 1440 1460 0.37  0.47 0.44  0.26 3.53  0.12 3.78  0.06
12............................................ 1440 1460 3.21  0.42 2.23  0.35 9.13  0.11 8.92  0.09
13............................................ 1440 1460 0.31  0.53 0.84  0.54 5.28  0.14 6.37  0.14
14............................................ 1440 1460 2.02  0.38 2.28  0.38 5.67  0.10 5.53  0.10
15............................................ 1440 1460 1.45  0.36 0.10  0.33 16.10  0.09 14.95  0.08
16............................................ 1440 1460 16.49  0.51 11.70  0.48 30.24  0.13 28.94  0.12
17............................................ 1440 1460 2.59  0.67 3.88  0.53 10.74  0.17 9.61  0.14
18............................................ 1440 1460 2.94  0.44 2.61  0.25 8.68  0.11 8.54  0.06
19............................................ 1440 1460 4.03  0.42 2.55  0.26 13.24  0.11 11.87  0.06
20............................................ 1450 1460 1.22  0.49 0.38  0.30 3.92  0.11 3.39  0.07
21............................................ 1440 1460 5.17  0.29 4.91  0.41 13.02  0.07 13.31  0.10
22............................................ 1440 1460 1.21  0.75 0.30  0.28 6.54  0.18 7.31  0.07
23............................................ 1500 1520 9.83  0.87 3.37  1.02 23.76  0.20 22.95  0.23
24............................................ 1455 1470 6.26  0.60 6.30  0.60 17.18  0.14 16.86  0.14
25............................................ 1440 1460 0.81  0.16 0.81  0.15 2.08  0.04 1.89  0.03
26............................................ 1440 1460 1.50  0.41 1.86  0.23 5.89  0.10 6.65  0.06
27............................................ 1440 1460 1.55  0.36 3.89  0.38 9.08  0.09 10.70  0.09
28............................................ 1450 1460 3.32  0.42 3.69  0.41 11.73  0.09 11.16  0.09
29............................................ 1440 1460 1.36  1.27 1.21  0.37 6.17  0.32 6.04  0.09
Notes.—Quasar rest-frame wavelengths presented in cols. (2) and (3) indicate the spectral ranges used for the blue side of each linear
continuum fit. The spectral ranges for the red side are fixed at 1680Y1700 8 for each spectrum and are therefore omitted from the table (see
x 3.1 for discussion). The slopes (cols. [4] and [5]) and flux density values at v ¼ 0 km s1 (cols. [6] and [7]), which are returned by a linear
fit for each epoch, are shown. Subscripts 1 and 2 refer to the first and second epochs of observation, respectively.
a Object names corresponding to these numbers can be found in Table 1.
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continuum flux density (as determined by the fit) to preserve
the percentage error in flux density in each bin.
The two-epoch normalized spectra and corresponding normal-
ized SDSS errors are shown in Figure Set 7. The upper and lower
rest-frame velocity boundaries of these BALs (vmin and vmax,
respectively, shown as dotted vertical lines in Fig. Set 7), be-
tween which the flux density does not rise to the level of the fitted
continuum, were determined by visual inspection of each spec-
trum. These BALs and their measured boundaries are presented
in Table 3.
Equivalent width measurements of the absorbers were calcu-
lated from the normalized spectra as follows:
EW ¼
Xvmax
i¼vmin
½1 fn(i )vi: ð5Þ
An additional source of error must be considered when measur-
ing the equivalent widths, since the original flux density has
been divided by an approximated continuum fit. The error intro-
duced by fitting propagates into the final equivalent width mea-
surement of each BAL feature,
EW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXvmax
i¼vmin
f (i)
f (i )
 2
þ  fc(i )
fc(i )
 2( )
fn(i)½ 2vi
vuut ; ð6Þ
where f (i)/f (i) is the fractional error of each nonnormalized bin
of flux, as determined from the SDSS error spectra, and vi is
the velocity width of each pixel in kilometers per second.
3.3. BAL Variability
To quantify variability in the equivalent widths of the BALs,
wemeasure the fractional change, as given byEW/ EWh i, where
EW ¼ (EW2 EW1) and EWh i is taken to be the average value
for the two epochs. Subscripts 1 and 2 refer to the first and second
time epoch measurements, respectively. It should be noted that
for highly variable BALs these measurements of ‘‘fractional
change’’ can appear deceptively small and do not reflect a percent-
age change. For instance, SDSS J081822.63+434633.8 exhibits
TABLE 3
Two-Epoch BAL Measurements (in Quasar Rest Frame)
Object a
(1)
tqso
(days)
(2)
vmax
(km s1)
(3)
vmin
(km s1)
(4)
EW1
(km s1)
(5)
EW2
(km s1)
(6)
EW/ EWh i
( km s1)
(7)
1............................................. 83 7600 4300 2220  261 2287  155 +0.030  0.135
2ab ......................................... 105 20200 10100 3570  122 4131  175 +0.146  0.055
2b........................................... 105 9300 3600 4536  71 4471  97 0.014  0.027
3............................................. 113 10800 7400 1669  74 1544  45 0.078  0.054
4............................................. 104 21300 12600 3061  91 3304  79 +0.076  0.038
5b ........................................... 103 9600 6200 587  95 872  60 +0.391  0.155
6b ........................................... 101 14300 5800 2558  125 3419  135 +0.288  0.062
7b ........................................... 80 14600 4200 3276  60 3814  65 +0.152  0.025
8a........................................... 18 17600 15900 644  34 521  41 0.211  0.092
8b........................................... 18 13100 5300 3790  68 4024  85 +0.060  0.028
9............................................. 121 11600 6300 2056  95 2017  57 0.019  0.055
10b ......................................... 118 7600 5800 226  49 426  29 +0.614  0.180
11b ......................................... 120 12100 4600 5261  259 3740  128 0.338  0.064
12........................................... 61 6900 3700 695  46 848  41 +0.199  0.080
13........................................... 34 15100 7600 4477  226 4448  150 0.007  0.061
14b ......................................... 34 16600 11100 1802  103 1760  103 0.024  0.082
15b ......................................... 36 15500 11400 458  31 745  100 +0.477  0.183
16........................................... 19 18100 3600 6890  35 6814  34 0.011  0.007
17b ......................................... 106 17100 11600 168  99 1169  83 +1.499  0.234
18b ......................................... 88 11600 6200 1679  76 1995  40 +0.172  0.047
19b ......................................... 81 14600 10600 26  41 558  27 +1.824  0.208
20........................................... 92 15100 7100 3018  207 3481  171 +0.143  0.083
21........................................... 20 13600 6100 1963  34 2048  48 +0.042  0.030
22........................................... 79 8600 6600 383  111 355  53 0.075  0.334
23ab ....................................... 31 23600 17600 1746  55 1478  70 0.166  0.056
23b......................................... 31 14800 10400 1715  39 1585  50 0.079  0.038
24........................................... 31 21600 19100 269  34 370  35 +0.316  0.155
25........................................... 21 9600 7200 675  67 846  72 +0.225  0.130
26b ......................................... 23 13600 9600 794  124 1001  53 +0.230  0.151
27ab ....................................... 107 17600 11600 1323  63 695  54 0.623  0.087
27b......................................... 107 10600 3600 4314  60 4408  49 +0.022  0.018
28b ......................................... 109 17400 13100 1084  39 171  41 1.455  0.111
29b ......................................... 75 10600 5000 2722  314 1737  93 0.442  0.147
Notes.—Cols. (3) and (4): velocity boundaries of the BAL, shown as vertical dotted lines in Fig. Set 7. Cols. (5), (6), and (7): equivalent
widths and fractional change in equivalent width. Subscripts 1 and 2 are used to denote the first- and second-epoch observations, respec-
tively. Object 20 has separate upper and lower error bars, since measurements of fractional change as defined here cannot exceed 2.
a Object names corresponding to these numbers can be found in Table 1. For cases in which multiple high-velocity BALs occur in a sin-
gle quasar spectrum, letters (‘‘a’’ and ‘‘b’’) are added to the object number to differentiate between the separate features.
b Denotes significantly variable BALs, according to the criteria outlined in x 3.3.
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a fractional change of 1.824 by this definition, yet its equivalent
width has increased by more than a factor of 20.
The absolute equivalent width variability of the 33 BALs in
our sample is shown as a function of epoch separation time in the
rest frame of the quasar in Figure 1. The positive correlation dem-
onstrates that themost variable BALs have longer epoch separation
times, as we should expect when observing real time variability.
If the variability distribution had been evenly spread throughout
the range of epoch separation times, wemight conclude that the ob-
served variability was uncorrelated with time and could be repre-
sentative of an artifact of the analysis. Instead,we see that the longer
the time baseline between observations, the greater the potential for
measuring variability, which is a general trend in quasar variability
analyses.
Figure 2 shows the absolute fractional change in BAL equiv-
alent width as a function of average equivalent width.We see that
the likelihood of detecting equivalent width variability decreases
for absorbers with larger equivalent widths, an effect first noted
by Barlow (1994). This behavior is what wemight intuitively ex-
pect, since greater changes in continuum flux are required to
ionize absorbers in larger troughs, due to the high optical depths
and column densities of strong absorbers. However, continuum
flux variation is not required to achieve variability in BALs, as
a change in covering factor could produce similar changes in
equivalent width and may be necessary to produce variability in
the largest saturated features (Arav et al. 2001; Hall et al. 2002).
Thus, a change in covering factor could explain the significant
variability that we observe in some large equivalent width BALs,
while the overall trend favors variability in small equivalent
width features.
We also analyze various BAL characteristics as a function of
the overall BAL velocity, since absorption features observed at
differing velocities are thought to probe geometrically disparate
regions within the disk wind (see, e.g., Murray et al. 1995; Proga
et al. 2000). We calculate the BAL velocity by taking the differ-
ence between the unweighted average velocity of the absorber
and the center of the C iv emission line at v ¼ 0 km s1 in the qua-
sar rest frame. To investigate any correlation between the lo-
cation of a BALwithin the wind and its tendency to vary, we plot
the absolute fractional change in BAL equivalent width as a func-
tion of BAL velocity in Figure 3. While a linear relationship be-
tween these two parameters is not obvious from these data, we do
find that the most highly variable BALs in our sample are found at
high velocities, namely, 12;000 km s1< v<15;000 km s1.
Having identified equivalent width variability within our sam-
ple, we proceed to parameterize the particular ways in which
the equivalent widths are prone to variation. Since the changes in
BAL equivalent widths can be triggered by bulk motion of the
absorber along the line of sight or changes in the optical depth,
covering factor, or the degree of ionization in the gas (see, e.g.,
Barlow et al. 1989; Hamann 1998; Narayanan et al. 2004), we
seek to quantify the propensity for variability separately in these
parameters. The effects of covering factor, ionization, and optical
depth are complexly related, and efforts to separate these effects
would require studying the variability of the C ivBAL in relation
to broad absorption from other ions in these spectra. Since our
study is limited exclusively to the C iv features, the separation
of these parameters exceeds the scope of this paper. We instead
explore variability in two parameters incorporated in the equiv-
alent width measurement: the velocity width and the average re-
sidual flux density, hereafter referred to as the depth. Variability
of the velocity width provides information about the bulk motion
Fig. 1.—Absolute fractional change in BAL equivalent width as a function of
epoch separation time, measured in days in the quasar rest frame. Equivalent width
variability is strongest for BALs observed over long timescales, indicating the
observation of real variability.
Fig. 2.—Absolute fractional change in BAL equivalent width as a function of
the average equivalent width. The greatest variability occurs in the features with
relatively small equivalent widths, in accordance with the findings of Barlow
(1994).
Fig. 3.—Absolute fractional change in BAL equivalent width as a function of
BAL velocity. The three most variable features are found at velocities exceeding
12,000 km s1, a region of predicted instability in the Proga et al. (2000) disk
wind model.
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of the absorber, and monitoring changes in depth summarizes
the effects of variation in ionization, covering factor, and optical
depth.
We define velocity width as the difference between velocity
boundaries of the BAL, as determined by a visual inspection and
measured in velocity units with respect to the quasar rest-frame
emission. These widths have a lower limit of 1000 km s1, as re-
quired by our selection criteria, and effectively measure the ve-
locity separation over which the flux density does not rise above
the level of the continuum. These boundaries are given in Table 3.
Due to the resolution of the spectra in the C iv region for an
average redshift of z ’ 2 (150 km s1) and the uncertainty in
defining the edges of the BAL troughs, we have assigned a con-
servative error of 300 km s1 for eachmeasurement of the bound-
ary limits in velocity space.Velocitywidthmeasurements, therefore,
have an associated error of 424 km s1, and errors on measure-
ments of the average BAL velocity are calculated similarly to be
212 km s1.
It should be emphasized that the velocity distribution of our
sample is limited by the range of velocities over which C ivBALs
may be observed. The Si iv/O v broad emission line at 1400 8
provides an observational upper limit for determining the C iv
BAL velocities, which translates to a velocity of28,000 km s1
in the rest frame of the quasar. In addition, our method of contin-
uum fitting further restricts this maximum velocity, since the pro-
cedure that we have implemented requires a relatively featureless
continuum near 14608, which corresponds to19,000 km s1 in
the quasar rest frame. Theminimumvelocity of observedBALs in
this sample is further restricted by our inclusion of detached-
troughYonly features, which exhibit a separation from the emission
line of at least 3600 km s1. Thus,we can only select BALs over the
velocity interval 3600Y19,000 km s1.
The depth of eachBAL is recovered by simply dividing the cal-
culated equivalent width of each feature by its measured velocity
width at each epoch. This procedure results in a simple un-
weighted average normalized flux density for each BAL. The un-
certainty of themeasurement is determined by propagation of the
errors assigned to the velocity width and the equivalent width.
As evidenced in Figures 1, 2, and 3, many of the BALs exhibit
a fractional change in equivalent width that is consistent with
zero. These objects can be omitted from further BAL variability
analysis, as they do not aid in characterizing the observed vari-
ability. Since one might expect to see variation in all BALs, given
sufficiently long timescales, and since most of the BALs in our
sample vary to some measurable degree, we can select a ‘‘sig-
nificantly variable’’ subsample that is large enough to allow for
statistical analysis but still limited to include only high-precision
data. The criterion for this selection was twofold, allowing sig-
nificant changes in equivalent width or velocity width to separately
qualify a BAL as ‘‘significantly variable.’’ BALs exhibiting either
a fractional change in equivalent width with at least 2.5  signif-
icance or a fractional change in velocity width with at least 1 
significance were included in this subsample. Fourteen BALs
met the first criterion, while seven met the latter. In all, 16 (one-
half the total BAL sample) were found to have significant vari-
ability by one or both criteria, indicating that significant changes
in velocity width are generally, although not always, accompa-
nied by equivalent width variability.
3.4. Continuum Variability
Previous studies have reported marginal evidence of a corre-
spondence between changes in the continuum flux and BAL
variability (Barlow et al. 1989; Barlow 1994). These results,
however, note a high frequency of exceptions to this correlation,
which implies that significant variability in a BAL can sometimes
be seen in the absence of any change in the continuum flux. Pre-
sumably, this disparity results from a time delay between these
variations, due to the distance separating the central source and the
BAL region, for which lower limits of 3 ;1017 to 3 ; 1018 cm
have been speculated (Murray et al. 1995). Given the timescales
of our observations, such changes should be frequently out of
phase and likely unobservable with only two epochs of obser-
vation. Thus, we do not expect to detect coincident variability of
BALs with the quasar continuum in our two-epoch data. In ad-
dition, changes in covering factor have been suggested as a com-
mon mechanism of BAL equivalent width variability, which is
independent of variation in the continuum flux (Arav et al. 2001;
Hall et al. 2002; Misawa et al. 2005).
To investigate the role of a changing continuum flux in our
absorber variability analysis, we have quantified the continuum
variability for each object. For our purposes, we define the contin-
uum variability in each object as the fractional change in the flux
density of the continuum fit evaluated at 1549 8 (v ¼ 0 km s1).
This velocity serves as a common reference point approximately
midway between fitting regions, which has been chosen for con-
sistency.We quantify the variability of the continuum as the frac-
tional change in fitted continuum flux density at v ¼ 0 km s1
as fc(0)/ fc(0)h i, where fc(0) ¼ fc(0)2  fc(0)1 and fc(0)h i is
the two-epoch averaged flux density of the fitted continuum,
evaluated at the center of rest-frameC iv emission (v ¼ 0 km s1).
Subscripts indicate the relevant epoch for each measurement.
Using this definition, the variability of the continuum for
each object is shown as a function of epoch separation time in the
quasar rest frame in Figure 4. A weighted least-squares fit has
been overplotted, which shows a convincing increase in varia-
bility with increasing time. This trend agrees with previous stud-
ies of continuum variability (see, e.g., Vanden Berk et al. 2004;
Wilhite et al. 2006) while also revealing the inclusion in our
sample of quasars with variable continua. In subsequent analy-
ses, we uniquely identify quasars with significant continuum
variability to highlight their differences. These ‘‘significantly
variable’’ quasars, 15 in number (one-half the total quasar sam-
ple), were identified as such if they exhibited a fractional change
Fig. 4.—Absolute fractional change in the fitted continuumflux at 15498 as a
function of epoch separation time, measured in days in the quasar rest frame. A
linear weighted least-squares fit is overplotted. The Spearman rank correlation of
these data returns a positive correlation with a significance of 0.0098, confirming
that real continuum variability occurs in our BALQSO sample.
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in continuum flux that was more than 4 times the associated
error.
4. DISCUSSION
Having quantified significant variability among our sample of
33 BALs, we can further explore the ways in which this vari-
ability occurs. Figure 5 includes only the 16 significantly vari-
able BALs selected by the aforementioned criteria (see x 3.3).
Here we track the changes in the BAL depths andwidths with time.
Arrows indicate the direction of change with time. In this figure,
quasars hosting both significantly variable BALs and signifi-
cantly variable continua (see x 3.4) are marked at the first-epoch
measurement with diamonds. We see that the variable BAL
sample draws a nearly equal representation from objects with
both variable and nonvariable continua, which gives an indica-
tion that our analysis has not been compromised by continuum
variability.
The three most variable BALs are associated with variable
continua, as we see in Figure 5, but among the larger sample, we
do not see a strong correlation between continuum variability and
BAL variability. In fact, two of the features exhibiting the greatest
change in depth are associated with nonvariable quasar continua.
However, the overall propensity of these features to change in
depth, rather than in width, suggests that changing levels of ion-
ization in the outflowmay indeed be the primary cause of the ob-
served variability, as opposed to a bulk motion of the absorber
(Barlow 1994). The argument for ionization-prompted variabil-
ity is strengthened by the inverse correlation observed between
the equivalent width and equivalent width variability among these
BALs (as shown in Fig. 2).
If we consider the primary mechanism of variability in these
BALs to be changes in the ionizing flux from the central source,
we can place limits on the electron densities of eachBAL, as shown
byHamann et al. (1997), Narayanan et al. (2004), andMisawa et al.
(2005). We do so by taking a nominal gas temperature of 20,000 K
(Hamann et al. 1995) and assuming that the BALs are close to
ionization equilibrium, with C iv as the dominant ionization state
of C. The rest-frame timescales of our observations can then be
used to place upper limits on the recombination time for each
absorber, and we can extract lower limits of the electron densities
(see eq. [1] in Hamann et al. [1997]; eq. [1] in Narayanan et al.
[2004]; discussion in Misawa et al. 2005). We thereby calcu-
late the limiting electron densities, ne  37;900, 51,000, and
39,000 cm3, respectively, for the three most variable BALs:
SDSS J075010.17+304032.3, SDSS J081822.63+434633.8, and
SDSS J093620.52+004649.2.
As seen in Figure 3, the three most highly variable BALs are
observed in the velocity range 12,000Y16,000 km s1. In Figure 6
we separate the parameters of depth and width to explore these
factors of equivalent width variability separately as functions
of velocity in the most significantly variable BALs. Observable
changes in depth aremuchmore commonwithin the overall sam-
ple, as shown in Figure 5, and these changes occur with similar
frequency over the entire velocity range of our sample. However,
when velocity width variability occurs at a measurable level, it ap-
pears isolated within the same high velocity range where the most
variable BALs are found. We also notice that the largest changes
in velocity width are positive in sign, indicating that the material
may be spreading due to changing levels of ionization, covering
factor, or acceleration over a range of velocities.
This observation of strong BAL variability at large velocities
agrees with the disk wind model of Proga et al. (2000), which
predicts the production of variable overdensities in the fast
streaming wind as a result of Kelvin-Helmholtz instabilities at
10,000 km s1. Proga et al. (2000) also predict that such over-
densities should reach a maximum velocity of 15,000 km s1 in
this stream, which is consistent with our observations. In Fig-
ure 5, we see that while manymore of the troughs exhibit changes
in depth, the most variable BALs all show a change in velocity
width aswell. This may indicate that, in someBALs, the degree of
ionization or covering factor changes as a function of velocity, caus-
ing variability in the apparent breadth of the absorbing feature.
It should be emphasized that we have applied a conservative
error of 212 km s1 to each BAL velocity measurement (x-axis
values in Figs. 3, 5, and 6), as explained in x 3.3. These errors are
larger than most of the velocity displacements thatt we observe
between epochs, which is consistent with the fact that no previous
studies of BAL time variability have observed velocity changes
greater than 125  63 km s1 on timescales longer than 6 yr in
the quasar rest frame (Rupke et al. 2002). As the epoch separa-
tions of our data are significantly shorter and our spectral resolu-
tionmuch lower, we should not expect that any apparent changes
in velocity in Figures 5 and 6 are significant.
Fig. 5.—Direction and magnitude of changes in depth (in units of normalized
flux density) vs. velocity width for the 16 significantly variable BALs. The var-
iable BALs that are associated with the 15 quasars found to have significantly
variable underlying continua are marked with diamonds at the first-epoch
measurements.
Fig. 6.—Top: Direction and magnitude of change in depth (in units of nor-
malized flux density) vs. velocity for the 16 most significantly variable BALs.
Bottom:Direction andmagnitude of changes in velocity width vs. velocity for the
same BALs. The variable BALs that are associated with the 15 quasars found to
have significantly variable underlying continua are marked with diamonds at the
first-epoch measurements.
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4.1. Interesting Objects
Of the 33 BALs in our sample, three quasars demonstrated ex-
ceptionally strong equivalentwidth variability: SDSS J075010.17+
304032.3, SDSS J081822.63+434633.8, and SDSS J093620.52+
004649.2. The observed absolute fractional changes in the equiv-
alent widths of these BALs were 1:455  0:111, 1:824  0:208,
and 1:499  0:234, respectively. The amplitudes of variability
seen in these three absorption features separate them from the other
BALs in our sample by a substantial margin, since only one other
BAL (SDSS J15026.66003606.9) was found to exhibit an ab-
solute fractional change greater than 0.70 (see Table 3).
The greatest measured variability within our sample is ob-
served in SDSS J081822.63+434633.8 (object 19 in Fig. Set 7).
Fig. Set 7.—Continuum-normalized two-epoch SDSS spectral observations for all sources analyzed in this paper. For each source, the top panel presents the high-S/N
(black) and low-S/N (gray) spectra, each with a 3 pixel smoothing. The middle panels show the unsmoothed error spectrum for each epoch, and the bottom panels display
the difference spectrum of the two epochs, with a 3 pixel smoothing. Vertical dotted lines overplot boundaries of BALs chosen for analysis. Numbers in the upper left
corner of each spectrum correspond to the object numbers used in Tables 1Y3. Full object names for each quasar are given in Table 1. [See the electronic edition of the
Journal for Figs. 7.1Y7.29]
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The BAL present in this spectrum grows by a factor of 20 in
equivalent width between observations. The trough of this BAL
is asymmetric, with a noticeably shallower slope on the red side.
While the high-velocity end of the BAL deepens between epochs,
the velocity width of this feature nearly doubles, as the low-
velocity end of the trough extends to absorb more of the con-
tinuum flux in the later observation.
SDSS J075010.17+304032.3 (object 28 in Fig. Set 7) hosts
the second-most variable BAL, which nearly disappears in the
second-epoch observation. The spectrum of this source is espe-
cially interesting, as it hosts at least two strong, narrow C iv ab-
sorption line systems, presumably also intrinsic to the quasar,
that show little if any variability between epochs. The S/N of the
second observation nearly matches that of the first; thus, any
variability displayed by this BAL is unlikely to be due to noise.
SDSS J093620.52+004649.2 (object 17 in Fig. Set 7) was
found to be the third-most variable BAL. In contrast to SDSS
J075010.17+304032.3, this BAL appears after being nearly un-
detectable in the first epoch. This BAL grows symmetrically be-
tween epochs, achieving both a greater depth of absorption and a
greater velocity width in the later observation.
5. CONCLUSIONS
We have detected significant time variability among our sam-
ple of 36 detached-trough C iv BALs on time baselines shorter
than 1 yr in the quasar rest frame. Included in our sample are
three exceptionally variable BALs that are observed in SDSS
J075010.1+304032.3, SDSS J081822.63+434633.8, and SDSS
J093620.52+004649.2. These three extremely variable BALs are
observed within the velocity range 12,000Y16,000 km s1. The
propensity for variability at these velocities is consistent with re-
cent disk wind modeling by Proga et al. (2000), although other
significantly variable BALs in our sample populate a much
larger range in velocity (6000Y16,000 km s1). Most of the var-
iable BALs in our sample exhibit average equivalent widths of
2000 km s1, and the three most strongly variable BALs rep-
resent some of the smallest features, with equivalent widths of
<1000 km s1.
We find that the BALs primarily vary in depth on the time-
scales that we observe, with fewer than one-half of the signifi-
cantly variable troughs exhibiting ameasurable change in velocity
width. This result is consistent with the findings of Barlow (1994)
and may indicate that the dominant contribution to the BAL var-
iability is a changing degree of ionization or covering factor. Since
we find no strong correlation between changes in BAL equivalent
width and continuum variability, it is likely either that the vari-
ability of the source is out of phase with the variability of the BAL
region or that the changes in covering factor provide the primary
mechanism for depth variability in these BALs.
The infrequency of observed changes in velocity likely reflects
the very long timescales on which these features can be seen to
accelerate. Future higher resolution spectra could improve mea-
surements of velocity variability by enabling us to observe changes
within the BAL structure and allowing for direct measurements
of the acceleration within the wind. Furthermore, analyzing a
similar sample of low-ionization BALs would allow us to explore
the variability of BALs at greater outflow velocities, since quasar
spectra are receptive to Mg ii and Fe ii absorption features over a
larger portion of the visible spectrum. Future work with more
epochs could also place limits on the timescales over which these
strongly variable BALs might return to an equilibrium state, and
additionalmonitoring of the threemost highly variableBALsmay
be especially rewarding.
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